INTRODUCTION
The gastrointestinal tracts (GITs) of animals are colonized by vast numbers of microorganisms living in harmony with their hosts [1] . The host acquires metabolites as stimulating factors from these microorganisms, and changes in the intestinal bacterial flora can affect the health of the host. Gibson and Fuller suggested a definition of a "probiotic" as a live bacterial cell that beneficially affects the health of the host by improving the microorganism balance [2] .
Lactic acid bacteria (LAB) meet this definition of "probiotic" and have attracted interest because of their beneficial effects such as immunostimulation and competitive inhibition of pathogens. LAB must adhere to the GIT in order to exert their effects on the tissues and intestinal flora of the host. Bacteria that enter the GIT from the external environment are usually rejected by the host's defense mechanisms and eliminated in the feces by intestinal peristalsis. Normal microbiota in GIT can resist this elimination. However, unlike infectious pathogens, the mechanisms by which LAB adhere to the gut remain unknown. For successful research and development of probiotics, we need to have a basic understanding of their interactions with the host.
Lactobacillus reuteri strains are LAB that are found in the GITs of various animals and live symbiotically with other bacteria and the host [3] . These strains have beneficial effects, including cholesterol-lowering activity, immunomodulation and reduction of the viability of pathogens such as Escherichia coli O157 via the actions of reuterin [4] [5] [6] [7] [8] [9] . One of the adhesion factors of L. reuteri DSMZ 20016 T is mucus adhesionpromoting protein, MapA. MapA has been isolated from the surfaces of L. reuteri 104R; this protein adheres to porcine gastric mucus [10] [11] [12] . It is widely distributed in L. reuteri strains and is a component of the ABC transporter. This protein shares amino acid sequence homology with a collagen-binding protein (CnBP) of L. reuteri NCIB 11951 [13, 14] .
Several types of LAB are known to adhere to the GIT in conjunction with extracellular matrix components such as mucin and collagen. These molecules or their constituents can mediate the affinity between bacterial extracellular molecules and mucus or epithelial cells [15] . Therefore, these extracellular matrix components are useful for screening for LAB adhesion factors. However, to understand the mechanism of LAB adhesion, we considered that binding of adhesion factors of LAB to receptor-like molecules on intestinal epithelial cells must also be studied.
We previously showed that MapA binds directly to the surfaces of human intestinal epithelial Caco-2 cells and mediates the adhesion of L. reuteri [16] . In this study, we investigated MapA binding to receptor-like molecules on Caco-2 cells.
MATERIALS AND METHODS

Cell culture
Caco-2 (RCB0988) cells were purchased from the Riken Cell Bank (Tsukuba, Japan) and maintained in a cell culture flask (Greiner Bio-One) in minimal essential medium (MEM; Sigma-Aldrich) supplemented with 1% MEM nonessential amino acids (Gibco), 1% MEM sodium pyruvate (Gibco), penicillin/streptomycin (100 U/100 mg; Gibco), and 10% fetal bovine serum (Lot SFBM30-1894; Equitech-Bio Inc.). The cells were cultured for 5-7 days at 37°C in a humidified atmosphere of 5% CO 2 and 95% air.
MapA purification
We used QIAexpress ® (Qiagen) to purify MapA. Protein expression and purification were performed according to the manufacturer's instructions. Purified MapA was dialyzed against phosphate-buffered saline (PBS) and stored at -80°C [16] .
Preparation of Caco-2 cell lysates
Caco-2 cells grown to confluence in a 90-mm culture dish were washed two times with 2 ml of ice-cold PBS. A cell scraper was used to harvest the cells, and the cells were then suspended in 1 ml of radioimmunoprecipitation assay (RIPA) buffer (20 mM HEPES-NaOH (pH 7.4), 150 mM NaCl, 1% NP-40, 0.1% SDS, and 0.1% sodium deoxycholate) supplemented with 50 mg/ ml DNase I and 25 mg/ml RNase A (Sigma). The cells were homogenized by drawing them through a 25-gauge needle 10 times. This mixture was kept on ice for 2 hr. The suspension was centrifuged at 20,000  g for 30 min, and the supernatant was collected and used as a Caco-2 cell lysate.
Preparation of MapA-immobilized resin
HisLink Protein Purification Resin (10 µl; Promega) was added to a new tube. The resin was washed, suspended in 40 μl of 250 mM imidazole, and incubated on ice for 30 min. The resin was then washed two times with 40 μl of PBS. MapA (20 μg) was bound to the resin by affinity capture. The resin mix was then incubated on ice for 30 min, and the resin was then washed two times with 40 μl PBS. As a negative control, resin was incubated without MapA.
Assay of MapA binding to receptor-like molecules on Caco-2 cells
A Caco-2 cell lysate (250 μl) was diluted with 750 μl HNS buffer (20 mM HEPES-NaOH (pH 7.4), 1% NP-40, and 150 mM NaCl) and added to a 1/100 volume of 1 M imidazole stock (0.1 M HEPES, 1 M imidazole, pH adjusted to 7.4 with HCl). The resin sample in each tube was suspended in the diluted Caco-2 cell lysate mixture, incubated at 4°C for 16 hr with rotation, and centrifuged at 20,000  g for 1 min. The resin was washed two times with 250 µl wash buffer containing increasing concentrations of imidazole (10, 25, 50 , and 100 mM imidazole in RIPA buffer) and then centrifuged at 20,000  g for 1 min. It was then suspended in elution buffer (0.5 M imidazole in RIPA buffer) and centrifuged at 20,000  g for 1 min. The clear supernatant fluid was used for two-dimensiona l polyacrylamide gel electrophoresis (2D-PAGE). 2D-PAGE gels were stained with SYPRO Ruby Protein Gel Stain (Bio-Rad). The PharosFX Plus System for molecular imaging (BioRad) was used for sample analysis.
In-gel digestion
A gel slice with a receptor-like protein from 2D-PAGE was added to 50% acetonitrile in a centrifuge tube for 10 min at room temperature. The solution was removed, and 100% acetonitrile was added to the tube for 10 min. The acetonitrile was discarded, and the gel slice was dried. Reducing buffer (10 mg/ml of DTT in 0.1 M NH 4 HCO 3 ) was then added to the dried gel slice and incubated for 90 min at 55 °C. Carboxymethylation buffer (100 mg/ml sodium iodoacetic acid in 0.1 M NH 4 HCO 3 ) was added to the gel slice, and the gel slice was incubated at room temperature for 60 min in the dark. Excess solution was removed, 0.1 M NH 4 HCO 3 was added, and the sample was then kept at room temperature for 10 min. The solution was then removed, 50% acetonitrile was added, and the sample was kept at room temperature for 10 min. The solution was removed, 100% acetonitrile was added, and the sample was again kept at room temperature for 10 min. The supernatant was then discarded, and the gel was dried. Trypsin solution (50 μg/ml trypsin stock solution* in 0.1 M NH 4 HCO 3 ) was added to the dried gel, and the sample was incubated at 37°C overnight. The solution was placed in a new tube to which 50% acetonitrile with 0.1% trifluoroacetic acid was added; the sample was then kept at room temperature for 10 min. This step was performed two times. The solution was removed and placed in a new tube to which 100% acetonitrile with 0.1% trifluoroacetic acid was added; this solution was then incubated at room temperature for 10 min. Acetonitrile was removed from the sample by vacuum concentration. The substantially dried sample was desalted using ZipTip ® pipette tips (Millipore). The sample was analyzed by matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry.
Pull-down assay
To prepare receptor-like molecules, the fractionated receptor-like molecules were pulled down using an antibody directed against the molecules and a Catch and Release Reversible Immunoprecipitation System v2.0 (Millipore) according to the manufacturer's protocol. In brief, the column resin was washed with the buffer provided. The following were then added to each column: 125 μl Caco-2 cell lysate and 4 μg anti-annexin A13 (ANXA13) antibody (Aviva Systems Biology) or 4 μg anti-paralemmin (PALM) antibody (Abnova Corporation). The columns were incubated overnight on a rotator at 4°C. MapA (1 μg) was then added to the columns with wash buffer, and the columns were incubated overnight on a rotator at 4 °C. The columns were eluted with varying concentrations of nondenaturing elution buffer contained in the kit. The eluted protein concentrations were determined, and the proteins were then used for Western blot analysis.
Fluorescence microscopy and image analysis
Caco-2 cells grown on Lab-Tek II Chamber Slide System 4-well glass slides (Nunc) were washed three times with PBS. The cells in the chambers were incubated with 10 μg/ml MapA in PBS at room temperature for 1 hr and then washed four times with PBS. As a negative control, 10 μg/ml of BSA instead of MapA was incubated with the Caco-2 cells. The cells in the chamber were fixed by adding 4% p-formaldehyde. MapA on Caco-2 cell surfaces was detected using antiMapA antiserum from rabbit and anti-rabbit IgG-FITC (Sigma) or using anti-His (Qiagen) and anti-mouse IgG-FITC (Sigma). ANXA13 was detected using anti-ANXA13 antibody and anti-rabbit IgG-Cy3 conjugate from sheep (Sigma). PALM was detected using anti-PALM antibody and anti-mouse IgG-Cy3 conjugate from sheep (Sigma). Caveolin was detected using anticaveolin-1 antibody (Cell Signaling Technology or Sigma) and anti-rabbit IgG-FITC. Fluorescence was analyzed using a confocal laser-scanning microscope (FV1000; Olympus). Images were processed using the software supplied with the Olympus FluoView Viewer (ver.2.1c).
Constructs for inducible short hairpin RNAs
Specific short hairpin RNAs (shRNAs) targeting the ANX A13 or PALM sequences (Table 1) were cloned into a pENTR/H1/TO entry vector using a BLOCK-iT Inducible H1 RNAi Entry Vector Kit (Invitrogen). These shRNAs were designed using a web-based software provided by Invitrogen. The constructed vectors were transferred into pLenti4/BLOCK-iT-DEST expression vectors by targeted recombination according to the manufacturer's protocol. The pLenti expression constructs were cotransfected with packaging plasmids with Lipofectamine 2000 (Invitrogen) in the 293FT producer cell line using a ViraPower Lentiviral Expression System (Invitrogen) according to the manufacturer's protocols. Lentivirus-containing supernatants of transfected 293FT cells were collected at 48 hr and stored at -80°C.
Construction of stable cell lines
To generate inducible Caco-2 cell lines, we used pLent6/TR virus infection for establishing tetracycline repressor (tetR)-expressing cell lines. The virus-infected Caco-2 cells were treated with blasticidin (5-10 µg/ml; Invitrogen) for 2 weeks. Blasticidin-resistant Caco-2 cells were then selected, and their tetR mRNA levels were determined by RT-PCR. Next, we infected the tetR-expressing Caco-2 cell lines with shRNAexpressing lentivirus. During this step, tetR-expressing Caco-2 cells were treated with Zeocin (400 µg/ml; Invitrogen) for 2 weeks, and stable knockdown Caco-2 cell lines were established.
Analysis of ANXA13 or PALM mRNA expression by real-time PCR
The constructed knockdown Caco-2 cell lines were cultured for 1 week with or without 10 µg/ml tetracycline. Each cell line was then dissolved in Isogen, and partial total RNA was isolated. The partial total RNAs were reacted with DNase (RT-Grade; Wako) for 120 min at 37°C. The DNase-reacted total RNA was purified using a FastPure RNA Kit (Takara). Real-time reverse transcription PCR was performed using One Step SYBR PrimeScript RT-PCR Kit II (Takara), 100 ng of total RNA, and an primer set in a 20-μl reaction volume. The mRNA expression values of these proteins were analyzed by the 2-ΔΔCt method; the β-actin gene (NM_001101) was used as a reference. Real-time quantitative PCR was performed using a LightCycler 2.0 real-time PCR system (Roche). The amplification steps were as follows: reverse transcription at 42°C for 5 min, followed by 40 cycles of 95°C for 5 sec, 58°C for 15 sec, and 72°C for 10 sec, with a temperature transition rate of 20°C/sec.
Assay of MapA binding to Caco-2 cell lines
The amount of MapA binding was confirmed in an immunofluorescence assay. Caco-2 cell lines (RNAiinducible Caco-2 cell line and RNAi-uninducible Caco-2 cell line) were cultured on 96-well plates (Nunc) for 15 days. The cells on each plate well were incubated with 100 µl of MapA (final concentrations of 25, 50 or 100 µg/ml in PBS) at 37°C for 1 hr. As a negative baseline, MapA was not added to 8 wells for each Caco-2 cell line. MapA bound to the Caco-2 cell surfaces was detected using anti-MapA antibody and anti-rabbit IgG-Cy3. Fluorescence intensity was determined using a CytoFluor Series 4000 Fluorescence Multi-Well Plate Reader (Applied Biosystems); this was used as a measure of the amount of MapA bound to Caco-2 cells per well.
Adhesion of L. reuteri DSMZ 20016 T to Caco-2 cell lines
Monolayers of wild-type and knockdown Caco-2 cell lines were prepared on 96-well plates (Nunc) and then washed two times with prewarmed PBS. L. reuteri DSMZ 20016 T was grown overnight at 37°C in ManRogosa-Sharpe (MRS) broth (Difco). The bacterial culture was centrifuged at 5,000 × g for 5 min, and the pellet was washed two times in sterile PBS. The pellet was then adjusted to a cell concentration of 2 × 10 8 cells/ ml. The resuspended L. reuteri DSMZ 20016 T cells were added to each well and then incubated at 37°C for 1 hr with gentle rocking. After incubation, the cell monolayers were washed gently three times with PBS, fixed with methanol, and stained with 0.1% methylene blue. Bacterial cells adhering to the Caco-2 cell lines were counted under a light microscope. The number of bacteria adhering to 10 cells in each of 50 randomly selected fields was counted.
RESULTS
Isolation and identification of receptor-like molecules
To investigate the presence of MapA-binding molecules on Caco-2 cells, lysed Caco-2 cells were bound to MapA in a pull-down assay. Proteins in eluted samples were separated by SDS-PAGE and visualized by SYPRO Ruby staining. We confirmed that binding had occurred between MapA and receptor-like molecules (data not show). We tested the ability of 1% NP-40 buffer to lyse Caco-2 cells but were unable to detect MapA binding (data not shown). However, binding between MapA and receptor-like molecules was observed when cells were lysed with RIPA buffer containing NP-40. Therefore, we suspected that the MapA-binding receptor-like molecules isolated were hydrophobic proteins. Moreover, binding between MapA and the receptor-like molecules was inhibited by SDS.
To identify these receptor-like molecules, we used 2D-PAGE; 7 spots were isolated from the Caco-2 cell membrane, which represented MapA-binding receptorlike molecules (Fig. 1) . These spots were eluted from the 
MapA-bound resin. Thus, we verified that the 7 spots were MapA-binding receptor-like molecules.
To identify the proteins, these spots were analyzed by MALDI-TOF. To analyze the MALDI-TOF data, we performed a database search using the PeptIdent tool of the ExPASy Proteomics Server. We were only able to identify spot numbers 4 and 5. Spot 4 was identified as ANXA13, and spot 5 was PALM. Therefore, we considered that ANXA13 and PALM were MapAbinding receptor-like molecules.
mRNA expression of receptor-like molecules on Caco-2 cells
We examined Caco-2 cells for mRNA expression of MapA-binding receptor-like molecules (ANXA13 and PALM). The amplified bands were excised from a 1% agarose gel and sequenced (data not show). The DNA sequences matched those of ANXA13 (NM_004306) and PALM (NM_002579, NM_001040134). PALM was expressed as two transcript variants by Caco-2 cells.
ANXA13 and PALM interact with MapA
To confirm the interactions between MapA and the receptor-like molecules, we purified ANXA13 and PALM and used them in a co-immunoprecipitation assay. The receptor-like molecules in Caco-2 cell lysates were purified on resin using specific antibodies. MapA was then added to the purified ANXA13 and PALM resins. Resin without specific antibodies to the receptorlike molecules was used as a negative control. In Western blot analysis, MapA was detected only in the presence of the ANXA13 or PALM fraction (Fig. 2) . This indicates that MapA binds directly to both ANXA13 and PALM.
MapA and receptor-like molecules colocalize on Caco-2 cells
Binding between MapA and the receptor-like molecules was observed by CLSM. Nonspecific background fluorescence due to nonselective adsorption to surface antigens on Caco-2 cells was not detected under the same excitation intensity (data not shown). This suggests that ANXA13 and PALM are expressed on the Caco-2 cell membrane (Fig. 3) . ANXA13 is reportedly involved in vesicular transport [17] , and our observations with Caco-2 cells indicated that ANXA13 is localized in the Golgi network, which supports this hypothesis. PALM was also observed on the Caco-2 cell membrane. Therefore, MapA is localized on the Caco-2 cell membrane and is colocalized with ANXA13 and PALM (Fig. 3A, B) . These receptor-like molecules have also been reported to be located within membrane microdomains [18] . Thus, we investigated the localization of caveolin as an indicator of the locations of membrane microdomains, and thereby determined the locations of the receptor-like molecules. Caveolin and MapA-binding receptor-like molecules were colocalized on the Caco-2 cell membrane (Fig. 4A, B) .
Construction of knockdown Caco-2 cell lines
To examine the adhesion of MapA to Caco-2 cells in more detail, we used lentiviral delivery to create stable knockdown of ANXA13 and PALM. Compared with wild-type cells, the stable knockdown Caco-2 cell lines exhibited lower ANXA13 (60.8% mean reduction) and PALM (68.4% mean reduction) mRNA levels (Fig. 5A) . We also performed Western blot analysis of ANXA13 and PALM protein expression levels; these levels were significantly reduced in ANXA13 and PALM knockdown cells compared with wild-type cells (Fig.  5B) .
MapA adherence to Caco-2 cell lines
We investigated the effects of downregulation of ANXA13 and PALM expression on the adhesion of MapA to these knockdown cell lines. We used a fluorescent dye-labeled antibody to quantify the in vitro adhesion of MapA to Caco-2 cells. Fluorescence intensity increased in proportion to MapA concentration (Fig. 6 ). In contrast, compared with its adhesion to wildtype Caco-2 cells, adhesion of MapA to the ANXA13 and PALM knockdown cell lines was reduced by 24.2% and 30.7%, respectively. This suggests that MapA binding to Caco-2 cells requires ANXA13 and PALM on the Caco-2 cell membrane. (Fig. 7) . 
Adhesion of L. reuteri to human intestinal epithelial cells
DISCUSSION
L. reuteri is one of the dominant lactobacillus species that is a part of the normal microbiota in the GITs of numerous animals. It expresses MapA, which can bind to biogenic molecules. However, the mechanisms by which L. reuteri adheres to intestinal epithelial cells are unknown.
In this study, we used Caco-2 cells, which are widely used in adhesion studies of LAB [19] . We used a pulldown assay to investigate the MapA-binding receptorlike molecules obtained from Caco-2 cell lysates. These molecules could be lysed in the presence of SDS and sodium deoxycholate, although these surfactants interfered with the binding of these receptor-like molecules to MapA. However, these molecules could bind to MapA in diluted RIPA buffer containing NP buffer (1% NP-40). This indicates that the MapAbinding receptor-like molecules are hydrophobic. Several MapA-binding molecules were detected by 2D-PAGE; among them, ANXA13 and PALM were identified by MALDI TOF-MS.
ANXA13 and PALM were isolated from Caco-2 cells. The co-immunoprecipitation binding assay showed that MapA bound directly to ANXA13 and PALM. However, this assay was performed under specific conditions in which the Caco-2 cells were solubilized. Therefore, we used CFLM to confirm MapA binding to ANXA13 and PALM on the Caco-2 cell membrane. These results showed that MapA localized with ANXA13 and PALM on the membrane, which suggested that the binding occurred not only under lysis conditions but also under physiological conditions.
In addition, we investigated whether these receptorlike molecules were important for MapA adhesion to Caco-2 cells. Because ANXA13 and PALM were localized on the Caco-2 cell membrane, it was possible that the shapes of the Caco-2 cells would be changed if these receptor-like molecules were knocked down. Therefore, we used RNAi to inhibit mRNA expression of these receptor-like molecules.
To determine the role of these molecules in adhesion, we constructed ANXA13 and PALM knockdown cell lines and used them in an adhesion assay. Compared with the MapA adhesion to normal Caco-2 cells, ANXA13 or PALM downregulation resulted in reduced MapA adhesion to knocked down Caco-2 cells. This indicates that MapA is bound to ANXA13 and PALM on the Caco-2 cell membrane and that efficient adhesion of MapA to Caco-2 cells depends on the presence of these receptor-like molecules.
ANXA13 is expressed in the GIT and is localized in the intestinal epithelia cell membrane [17] . Lipid modification of the N terminus of ANXA13 by myristoylation suggests that ANXA13 regulates vesicular transport [20] [21] [22] . PALM plays a role in the central nervous system, as revealed by prenylation and palmitoylation of its C terminus [23, 24] . One study using an epithelial cell line showed that these proteins were located in membrane microdomains. Lipid rafts form part of these membrane microdomains, and floating lipid rafts on the cell membrane are involved in the transfer of various membrane proteins [25, 26] . The incorporation of receptor-like molecules into caveolaespecialized lipid rafts-is likely to promote signaling by these molecules. Caveolae are parts of the membrane microdomain that have abundant amounts of caveolin [27] .
It has been suggested that these membrane microdomains are the points of cellular contact with pathogens such as E. coli O157 and influenza viruses [28] [29] [30] [31] . Many pathogens use these lipid rafts and the endocytosis functions of caveolae to infect host cells [32, 33] . For example, Campylobacter jejuni uses this pathway [34] . Thus, we considered that L. reuteri probably adheres to these membrane microdomains via MapA. We observed the localization of receptor-like molecules for MapA with canavalin-1 on Caco-2 cell membranes. ANXA13 and CAV-1 reportedly colocalize on Madin-Darby canine kidney (MDCK) cells, and we obtained similar results with Caco-2 cells [35] .
In addition, toll-like receptor (TLR) 2 is expressed on the microdomains of epithelial and immune cells, and TLR9, which is expressed in the cytoplasm, recognizes the chromosomal CpG DNA motif of bacteria [36, 37] . Gram-positive bacteria such as Staphylococcus aureus and Streptococcus group A recognize the epithelial receptor asialo GM1 and induce inflammatory cytokine production via TLR2 [38, 39] . Moreover, asialo GM1 is a receptor-like molecule for L. reuteri [40] . These findings support the hypothesis that L. reuteri inhibits the adhesion of particular pathogens. We also examined the effect of these receptor-like molecules on the adhesion of L. reuteri DSMZ 20016 T to Caco-2 cell monolayers. The numbers of L. reuteri DSMZ 20016 T cells that adhered to wild-type Caco-2 cells and receptor-like molecule knockdown Caco-2 cell lines were similar. On the knocked down Caco-2 cell membrane, other receptor-like molecules may bind to MapA, even if ANXA13 and PALM are knocked down (Fig. 7) . On the surface layer of L. reuteri DSMZ 20016 T , MapA may bind not as isolated receptor-like molecules, as shown in this study, but as other receptorlike molecules. MapA bound to a lot of acidic proteins as ANXA13 (pI 5.38) and PALM (pI 4.92) in receptor-like molecule isolated from Caco-2 cells (Fig. 1) . Since MapA is a basic protein (pI 9.7), we think that binding with receptor-like molecules is electrostatic interaction under neutral condition. But if the binding with MapA and receptor-like molecules was only electrostatic interaction, MapA could have bound with a lot of acidic protein in this study (Fig.1) . Taken together, we infer that the isolated receptor-like molecules have some sort of common denominator other than electrostatic interaction.
The binding between isolated receptor-like molecules and MapA was highly sensitive to the effects of surfactants. Our evaluations of the adhesion of LAB to host cells in vitro suggest empirically that strong washing could tear bacterial cells away from epithelial cell membranes. These results and our empirical observations suggest that intestinal adhesion of LAB does not result from specific binding mechanisms, as in the case of pathogenic organisms, but occurs by some weak binding mechanism(s). In future studies, we will examine in particular the weak binding mechanisms between MapA and the two receptor-like molecules identified here.
